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Lung injury following reperfusion results from endothelial damage caused by release of cytotoxic products by activated 
neutrophils (PMN) in the pulmonary microvasculature. This process is facilitated by the release of pro-inflammatory 
cytokines and arachidonic metabolites following the onset of reperfusion. This study aimed to evaluate the effect of plasma 
obtained before and after evascularisation on neutrophil and endothelial cell activation. Plasma (IR plasma) was obtained 
from venous blood samples taken before and during aortic cross-clamping, and 5, 40 and 60 rain following clamp removal 
in seven patients undergoing elective infrarenal aortic aneurysm resection. PMN from healthy volunteers (n = 5) were 
incubated with these plasma samples or with fMLP (N-formylmethionyl-leucyl-phenylalanine) as positive control for 
30 rain and assessed flow-cytometrically for CD11b expression. Human endothelial cells (ECV-304) were incubated with 
IR plasma for 2, 4 and 6 h or with tumour necrosis factor (TNF) (20 ng/ml) as positive control and assessed for ICAM- 
1 expression. I cubation with IR plasma resulted in a significant increase from pre-clamp in PMN CDllb expression. 
A similar trend was seen in endothelial cell ICAM-1 expression following 2 h incubation. These results indicate that 
reperfusion-induced endothelial dysfunction may be mediated by plasma factors released upon revascularisation which 
facilitate neutrophil-endothelial interaction through up-regulation ofadhesion receptor expression. 
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Introduction 
Lung injury following lower torso ischaemia is me- 
diated by adherence of activated neutrophils (PMN) to 
the endothelium of the pulmonary microvasculature. ~'2 
This interaction is facilitated by adherence of the 
neutrophil adhesion ~glycoprotein complex CD11b/ 
CD18 to its complementary endothelial cell ligand, 
the intercellular adhesion molecule (ICAM-1). While 
neutrophil activation represents the initial response 
to ischaemia reperfusion, much of the subsequent 
systemic response and organ damage may be mediated 
by other factors generated in the revascularised area. 
These include products of the alternative complement 
pathway, arachidonic acid metabolites and the cyto- 
kines IL-1, IL-8 and tumour necrosis factory The 
agents have the capacity to directly injure endothelial 
cells, by altering cytoskeletal structures and widening 
inter-endothelial gap junctions and indirectly by pro- 
moting neutrophil-endothelial interactions. 6'7 They 
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Seven patients undergoing elective infrarenal aortic 
aneurysm resection were included in this study. 
Patients received a standard anaesthetic. Following 
pre-medication with diazepam 0.15 mg/kg, 
anaesthesia was induced with thiopentone 2-5 mg/ 
kg, fentanyl 2-10 gg/kg and vecuronium 0.1 mg/kg. 
also have the capacity to increase neutrophil oxidative 
and enzymatic activity and to promote the expression 
of the adhesion receptor CD11b/CD18 on neutro- 
phils. 8-1° We have previously demonstrated significant 
neutrophil activation in the peripheral blood of 
patients undergoing elective infrarenal abdominal aor- 
tic aneurysm surgery. 1~ 
The aim of this study was to investigate the potential 
for plasma factors released during the re- 
vascularisation phase of aortic surgery to activate 
neutrophils and endothelial cells in vitro. 
Methods 
Patients 
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Anaesthesia was maintained with vecuronium, oxygen 
and nitrous oxide. Each patient had a lumber epidural 
inserted for postoperative pain relief. Following a test 
dose of 3 ml of 2% lignocaine, a bolus dose of 5 ml 
0.25% bupivicaine was administered after cross-clamp 
removal once the patient was haemodynamically 
stable. This was followed by an infusion of 0.125% 
bupivicaine and 10 ~tg/ml of fentanyl continued post- 
operatively. Before aortic clamping 5000 units of hep- 
arin was administered and an infusion of glyceryl 
trinitrate (1-2 pg/kg/min of 10 mg in 100 ml of Dex- 
trose 5%) commenced. This infusion was discontinued 
5 min before clamp removal when mannitol 0.25g/kg 
was administered. Crystalloid was infused to maintain 
the pulmonary capillary wedge pressure between 
10-14 mmHg and blood transfusion commenced when 
the blood loss exceeded 20% of the estimated blood 
volume. 
Radial and pulmonary artery catheters were inserted 
following induction of anaesthesia for haemodynamic 
monitering throughout surgery. All patients had tube 
grafts inserted. Mixed venous amples were taken from 
the distal limb of the swan ganz catheter immediately 
following induction of anaesthesia, mmediately before 
aortic unclamping and at 5, 40 and 60 rain following 
clamp removal. Blood (5 ml) was drawn into citrate 
phosphate dextrose anticoagulated tubes. After cent- 
rifugation at 2500 rpm for 15 rain, the plasma (IR 
plasma) was aliquoted and stored at -70°C. 
In vitro studies 
Reagents. The following reagents were used for the 
culture of the human ECV-304 cell line, separation of 
human PMNs and assessment of PMN and endothelial 
cell activation. Dulbecco's modified Eagle's medium 
(DMEM), 199 medium, Hanks' balanced salt solution 
(HBSS), foetal calf serum (FCS), penecillin, strep- 
tomycin sulphate, glutamine, and trypsin-EDTA so- 
lution were purchased from Gibco (Life Technologies 
Ltd., Paisley, Scotland, U.K.). Recombinant human 
TNF (2 x 10 7 units/mg) was obtained from Genzyme 
Corporation (Cambridge, MA, U.S.A.). 
Isolation of human neutrophils. Human PMNs from 
healthy adult volunteers, prepared from citrate phos- 
phate dextrose anticoagulated blood, were isolated by 
centrifugation at 700 x g for 30 min on two layers of 
Histapaque 1119 and 1077 (Sigma Chemical Company, 
St. Louis, MO, U.S.A.). The cell suspensions were 
washed twice in HBSS (Gibco, Life Technologies Ltd., 
Paisley, Scotland, U.K.) and resuspended in DMEM 
(Gibco, Life Technologies Ltd., Paisley, Scotland, U.K.) 
to a final concentration f i x 106/ml. 
Incubation of IR plasma with isolated human neutrophils. 
Three hundred microlitre aliquots of isolated human 
neutrophils at a final concentration f I x 106/mi were 
incubated for 30 min with 100 pl of IR plasma obtained 
from AAA patients (n =7). Plasma (100 gl) obtained 
from healthy human volunteers served as controls for 
this experiment (Control plasma). N-formylmethionyl- 
leucyl-phenylalanine (FMLP) the chemotatic peptide 
was used as a positive control for these experiments. 
Assessment ofneutrophil activation 
Measurement of neutrophiI respiratory burst. The res- 
piratory burst of neutrophils was assessed using a 
BURSTTEST (Orpegen, Heidelberg, Germany). One 
hundred microlitres of neutrophil suspension was in- 
cubated with 10 ~1 of the fluorogenic substrate, di- 
hydrorhodamin 123 (DHR 123) and incubated for 
10 min) 2'1g Following centrifugation the cell pellets 
were washed and suspended in 100 pl DNA staining 
solution. The analysis of PMN respiratory burst ac- 
tivity was performed on a FACScan cytofluorometer 
(Becton Dickinson, CA, U.S.A.) detecting mean channel 
fluorescence. A minimum of 10 000 cells were collected 
and analysed using the software Lysis II. 
Neutrophil CD1 l b expression. Following incubation with 
control plasma, IR plasma or FMLP, isolated neutro- 
phils were incubated with 10 pl of FITC-conjugated 
anti-leu 15 (anti-CR3/CD11b) mouse anti-human mAb 
(Becton Dickinson, CA, U.S.A.) for 10 min. Following 
centrifugation at 250 x g for 5 min, the cell pellets were 
washed. CD11b receptor expression was analysed on 
a FACScan using a minimum of 10 000 cells. 
Incubation of IR plasma with whole blood. In order to 
outrule the effect of isolation procedures as a cause of 
neutrophil activation, the in vitro studies using IR 
plasma were repeated using whole blood. One hun- 
dred microlitre aliquots of heparinised whole blood 
were placed in polypropylene tubes and incubated 
either alone or after gentle mixing with 100 gl of control 
plasma, IR plasma or fMLP (10 3M) for 30 min. This 
avoided ex vivo manipulation which could be re- 
sponsible for artifactual up-regulation of CD11b. One 
hundred microlitre aliquots of whole blood obtained 
from healthy volunteers (n =5) were incubated with 
IR plasma from AAA patients. Neutrophil respiratory 
burst activity and CD11b expression was assessed 
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using the methods described above. Erythrocytes were 
lysed by addition of lysing solution for 20 rain prior 
to the final centrifugation and cell washing step. 
1000 
Endothelial cells. The human endothelial cell line (ECV- ~ 750 
304) was obtained from the American Type Culture 
Collection (ATCC, Rockville, MD, U.S.A.). Endothelial 
cells were maintained in culture medium consisting ~ 5o0 
of Medium 199 supplemented with 10% FCS, penecillin 
(100units/ml), streptomycin (100 btg/ml) and L-glu- 
tamine (2 mM). The cells were grown at 37°C in a ~ 250 
humidified 5% COs atmosphere with renewal of the 
culture medium two to three times weekly and sub- 
cultured by trypsin±sat±on with 0.05% trypsin-0.02% 0 
EDTA when confluent monolayers were reached. 
Incubation of endothelial cells with IR plasma. Two hun- 
dred microlitres of endothelial cells suspended to a 
final concentration of i x 106/ml were incubated with 
200 pl of IR plasma, control plasma or 200 btl of re- 
combinant human TNF (10 ng/ml)  and incubated for 
2, 4 and 6 h in a humidified 5% CO2 incubator. 
Assessment ofendothelial cell activation 
EC ICAM-1 expression. 100 btl of stimulated endothelial 
cell suspension (1 x 10 6 cells/ml) were stained with 
10pl of FITC-conjugated anti-CD54 (anti-ICAM-1) 
mouse anti-human mAB (Serotec, Oxford, U.K.) or 
10 btl of FITC-conjugated isotype IgG1 control mAB 
(Serotec) and incubated for 30 rain at 4°C. ICAM-1 
expression on endothelial cells was analysed on a 
FACScan cytofluorometer (Becton Dickinson, Moun- 
tain View, CA, U.S.A.). The mean channel fluorescence 
intensity of stained cells was detected on the basis of 
a minimum number of 5000 cells collected analysed 
using the software Lysis II. 
Statistical analysis 
Data are expressed as mean ± S.~.M. in text, tables and 
figures. A one-way analysis of variance with post-hoc 
Scheffe test was used to compare results. Significance 
was accepted for p<0.05. 
Resu l ts  
Effect of IR plasma on PMN respiratory burst activity 
Incubation of isolated neutrophils with FMLP resulted 
in an increase in respiratory burst activity compared 
L I 
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Fig. 1. Effect of ischaemia reperfusion  isolated PMN respiratory 
burst activity. The experimental groups are represented onthe x- 
axis: PMN=PMN in medium alone; FMLP=N-formylmethionyl- 
leucyl-phenylalanine 10 3M; Control = control plasma from healthy 
volunteers; pre-clamp = prior to aortic ross-clamping; post-clamp = 
following aortic ross-clamping; 5 min, 40 min and 60 min = 5, 40 
and 60 min into the reperfusion period. The y-axis documents mean 
channel f uorescence (MCF). Data are expressed as mean+s.~.M. 
* p<0.05 vs. PMN/FMLP/Pre-clamp (ANOVA). 
to isolated neutrophils alone (295 ± 98MCF neutrophils 
alone; 372 +92MCF FMLP p = 0.4). Incubation with 
IR plasma resulted in a significant increase in PMN 
respiratory burst activity (624±155MCF baseline; 
869 _+ 115 MCF 40 minutes p<0.05) (Fig. 1). Whole blood 
incubation with FMLP resulted in significant PMN 
activation (19.97 + 1.74MCF baseline; 36.96 ___ 7.63MCF 
FMLP p<0.01). However, whole blood incubation with 
IR plasma had no such effect (20.2 ± 1.87MCF baseline; 
22.47 + 2.37MCF 60 min p = NS) (Fig. 2). 
Effect of lR plasma on PMN CD11b expression 
Incubation of isolated PMN with FMLP resulted in an 
increase in CD11b expression compared to isolated 
PMN alone (877 + 132MCF PMN alone; 1916 ± 225MCF 
FMLP p<0.01). Incubation with IR plasma caused a 
significant increase in CD11b expression (877+132 
MCF baseline; 1526 + 251 MCF 40 min p<0.05) (Fig. 3). 
Whole blood incubation with FMLP produced sig- 
nificant PMN activation (267+16 MCF baseline; 
1570 + 185 MCF FMLP p<0.01). When incubated with 
IR plasma for 30 rain there was a stepwise and sig- 
nificant increase in CD11b expression at 40 and 60 rain 
(267 ± 16 MCF Baseline; 397 + 52 MCF 40 rain; 392 ± 43 
MCF 60 min p<0.05) (Fig. 4). 
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Fig. 2. Effect of ischaemia reperfusion on whole blood PMN res- 
piratory burst activity. The experimental groups are represented on 
the x-axis: PMN = PMN in medium alone; FMLP = N-for- 
mylmethionyMeucyl-phenylalanine 10-~M; control = control plasma 
from healthy volunteers; pre-clamp =prior to aortic cross-clamping; 
post-clamp=fol lowing aortic cross-clamping; 5min, 40rain and 
60 min = 5, 40 and 60 min into the reperfusion period. The y-axis 
documents mean channel fluorescence (MCF). Data are expressed 










Fig. 4. Effect of ischaemia reperfusion on whole blood PMN 
CD11b expression. The experimental groups are represented on the 
x-axis: PMN = PMN in medium alone; FMLP = a-formylmethionyl- 
leucyl-phenylalanine 10 3M; control=control p asma from healthy 
volunteers; pre-c lamp=prior  to aortic cross-clamping; post- 
clamp = following aortic cross-clamping; 5 rain, 40 rain and 
60 rain = 5, 40 and 60 min into the reperfusion period. The y- 
axis documents mean channel fluorescence (MCF). Data are 
expressed as mean+s.mM. * p<0.001 vs. PMN/control;  # p<0.0.05 
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Fig. 3. Effect of ischaemia reperfusion on isolated PMN CD 11b 
expression. The experimental groups are represented on the x-axis: 
PMN = PMN in medium alone; FMLP = N-formylmethionyl-leucyl- 
phenylalanine 10-3M; control=control plasma from healthy vo- 
lunteers; pre-c lamp=prior  to aortic cross-clamping; post-clamp= 
following aortic cross-clamping; 5 rain, 40 rain and 60 = 5, 40 and 
60 rain into the reperfusion period. The y-axis documents mean 
channel fluorescence (MCF). Data are expressed as mean_+s.E.M. 
* p<0.05 vs. PMN; #p<0.001 vs. PMN (ANOVA). 
Effect of LR on EC ICAM-1 expression 
Incubation of isolated endothelial ceils with re- 
combinant human TNF for 2 h resulted in a significant 
increase in EC ICAM-1 expression (9.64 + 1.59 control; 
21.05 + 1.64 MCF TNF p<0.05, ANOVA) (Fig. 5). Ad- 
dition of 60 min IR plasma produced significant stimu- 
lation of endothelial cells compared to plasma obtained 
before cross-clamping (11.93_+1.65 MCF pre-clamp; 
30.1 __+5.85 60 rain p<0.01 ANOVA). Incubation with 
TNF for 4 h produced more marked endothelial cell 
stimulation (7.37_+1.52 control; 33.66 _+ 3.63MCF TNF 
p<0.05 ANOVA) (Fig. 5). Incubation with IR plasma 
at this stage had little effect on EC ICAM-1 expression 
(13.02 _+ 2.98 pre-clamp; 20.38 -+ 9.85 p = NS). 
Discussion 
The current study demonstrates significant activation 
of both PMNs and endothelial cells by plasma obtained 
during the early revascularisation phase of aortic sur- 
gery. The time points chosen were based on previous 
in vivo animal and human studies which indicate 
that maximal neutrophil activation and thromboxane 
release occur during the first hour following 
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Fig. 5. Effect of ischaemia reperfusion on endothelial cell ICAM-1 
expression after 2 and 4 h incubation. The experimental groups are 
represented on the x-axis: EC = in medium alone; TNF = recombinant 
human tumour necrosis factor 20 ng/ml;  control=control  p asma 
from healthy volunteers; pre-clamp =prior to aortic cross-clamping; 
post-clamp=fol lowing aortic cross-clamping; 5rain, 40rain and 
60 min = 5, 40 and 60 min into the reperfusion period. The y-axis 
documents mean channel fluorescence (MCF). Data are expressed 
as mean ± S.~.M.([3) 2 h; (11) 4 h. * p<0.05 vs EC/control #p<0.01 vs. 
EC/control (ANOVA). 
revascularisation. ~4'~5 Endothelial cell destruction by 
activated PMN in vitro has been demonstrated by 
several authors. I6'17 Endothelial cell activation, as evid- 
enced by increased ICAM-1 expression, by plasma 
factors has not been previously shown. This finding 
is important as it suggests that plasma alone has the 
potential to provoke endothelial cell activation in the 
absence of activated PMNs. Furthermore, the finding 
of neutrophil activation by IR plasma suggests that 
plasma mediators may be responsible for promoting 
on-going neutrophil activation following the initial 
reperfusion i jury. 
Welbourn et al. demonstrated increased PMN in- 
tracellular hydrogen peroxide production 10 min after 
limb reperfusion in an animal model of hind limb 
ischaemia. ~5In a similarly designed experiment toours, 
the authors failed to demonstrate increased quan- 
titative cell surface CD11b/18 expression on PMN 
after incubation with plasma obtained 10 rain after 
lower limb reperfusion. This contrasted with the ability 
of the same plasma to promote PMN diapedesis, a
process dependent upon the CD18 receptor. This find- 
ing may be due to the fact that these ex vivo studies 
were confined to plasma samples taken early in the 
reperfusion period (10 min) and later samples were 
not assessed for their ability to induce neutrophil 
activation. In a further ex vivo study using plasma 
taken from the vena cava following declamping during 
aortic aneurysm repair in man, Paterson et al. have 
demonstrated the ability of this plasma to induce 
an inflammatory reaction in an animal chemotactic 
model. 18 The work of Paterson et al. and the results of 
the current study clearly show that frozen stored 
plasma contains a stable humoral element capable of 
initiating neutrophil activation, chemotaxis and de novo 
endothelial cell activation. 
Neutrophil activation and subsequent interaction 
with endothelial cells is central to the pathophysiology 
of organ injury associated with reperfusion injury. 1 
Clinical studies have shown that all patients under- 
going aortic reconstruction suffer transient organ dys- 
function affecting the lung, gut and kidney. 19 The 
common cellular abnormality in all of these organs is 
an increase in microvascular permeability. 8 Ex- 
perimental evidence suggests that PMN adherence to
endothelium is a requirement for these cells to alter 
the endothelial barrier both in vitro and in vivo. The 
process of cell adherence, cell activation and cell mi- 
gration involves an interplay between the expression 
of adhesion molecules by the endothelial cell, leucocyte 
activation, and local cytokine activity. 2°'21 Neutrophi] 
rolling on endothelial cells is initiated by P-selectin 
and E-selectin (ELAM). 22 The migration of rolling 
neutrophils through endothelium into the tissues is 
mediated by the neutrophil adhesion molecule, 
CD18. 23-25 This molecule consists of a family of three 
alpha-subunits (CDlla,b,c) each non-covalently linked 
to CD18, the common beta-subunit. 21'26 The CDlla and 
CD11b alpha-subunits mediate arly CD18-dependent 
PMN adhesion to endothelium, v'2s CD11a is con- 
stitutively expressed in the plasma membrane and is 
not up-regulated. CD11b, expressed basally in small 
amounts on the cell surface, is capable of being up- 
regulated several-fold from intracellular granules by 
chemoactivators. 22'29-3~ Agents capable of activating 
CD11b expression i clude IL-8, platelet-activating fac- 
tor, thrombin and the leukotrienes. 32 Other triggering 
mechanisms include bacterial wall components and 
complement products. 2°'2~ Once stimulated by cyto- 
kines, endothelial cells express endothelial cell leuco- 
cyte adhesion molecule-1 (ELAM-1) and intercellular 
adhesion molecule-1 (ICAM-1). The expression of 
ICAM-1, a member of the immunoglobulin family, is 
increased by interferon-gamma, IL-1 and TNF. Further 
disruption of the endothelial barrier esults when stim- 
ulated endothelial ceils retract leading to capillary leak 
in all organs but particularly in the lungs. 7'33 The central 
role played by adhesion receptors in this injury is 
illustrated by in vitro experiments which show that 
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PMN adhesion to unstimulated endothelium is pre- 
vented by CD18 monoclonal antibodies and reduced 
by monoclonal antibodies to ICAM-1. Furthermore, 
inhibition of CD18 has been shown to be protective in 
several in vivo models of ischaemia reperfusion. 9'34-37 
During reperfusion secretion of the inflammatory 
cytokines IL-1 and TNF is increased. These cytokines 
have the ability to activate ndothelial cells directly 
by stimulating the upregulation of ICAM and the 
expression of E-Selectin. 3sStimulated endothelial cells 
secrete IL-1, IL-6 and IL-8 which act to promote further 
neutrophil migration to the site of inflammation and 
enhance their functional activity. R° The process of 
neutrophil adhesion, therefore, promotes a cascade of 
cellular interactions which when out of control leads to 
the endothelial damage and neutrophil accumulation 
seen in reperfusion organ injury. 
In the current experiments incubation of IR plasma 
with PMNs was carried out in both isolated PMNs 
and in whole blood. This was done in order to exclude 
the effects of artefactual upregulation from PMN isol- 
ation procedures. The flow-cytometric method used 
measured global intracellular reactive oxygen inter- 
mediate activity. 39 Comparing baseline PMN CD11b 
expression between the two groups demonstrates 
greater than two-fold increase in CD11b expression as 
a result of the isolation procedure alone. This phe- 
nomenon has previously been described by others. 4° 
However, addition of IR plasma resulted in a sig- 
nificant and stepwise increase in markers of neutrophil 
activation in both isolated PMNs and whole blood. 
Neutrophil activation was maximal following in- 
cubation with plasma obtained 1 h after the onset of 
reperfusion. 
The finding that plasma factors play a role in directly 
activating neutrophils i important given that previous 
studies have indicated reperfusion-induced organ in- 
jury is not always entirely neutrophil dependent. 41 It 
is possible that some of the endothelial cell damage, 
in remote organs uch as the kidney and myocardium, 
in particular, is directly mediated by plasma factors. 
The nature of these plasma factors causing up-re- 
gulation of neutrophil CD18/11b and increased 
neutrophil oxidative burst is unclear. The finding in 
the current study of quantitative changes in PMN 
CD18 expression following contact with IR plasma 
suggests the presence of a humoral mediator generated 
in the reperfused lower limb. This mediator also has 
the potential to activate ndothelial cells by increasing 
ICAM-1 expression. Several potential mediators in- 
cluding thromboxane, TNF, IL-1 and IL-6 have been 
suggested as possible mediators. Interleukin-1, TNF, 
thromboxane and the complement activation product 
C5a have all been shown to appear in the plasma of 
rats after hind limb ischaemia. 42~4 All of these agents 
have been shown in vitro to enhance neutrophil ad- 
hesion receptor expression and oxidative burst activity. 
We have previously shown significantly elevated levels 
of TNF during the cross-clamp eriod, and of throm- 
boxane during the revascularisation phase of aortic 
aneurysm surgery. 11
The results of the current study combined with 
previous findings in patients undergoing elective aor- 
tic reconstruction in this department suggest hat the 
early stages of revascularisation injury are mediated 
primarily by neutrophils. The finding of persistent 
neutrophil and endothelial cell activation by plasma 
obtained i h after the initial reperfusion insult may 
help to explain why reperfusion-induced organ injury 
tends to worsen or even develop long after the ini- 
tiating insult has been removed. The results of this 
study suggest that the injury produced by re- 
vascularisation is not simply a one hit phenomenon 
mediated by activated PMNs but rather a self-prop- 
agating cycle of events promoted by humoral me- 
diators which promote ongoing interaction between 
neutrophils and endothelium. Identification of these 
mediators will allow development of more effective 
therapeutic strategies in the prevention of reperfusion 
organ injury. 
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